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Virulence Characterization of Single-Zoospore Isolates of Sclerospora graminicola
from Pearl Millet
R. P. Thakur, B. Pushpavathi, and V. P. Rao, Genetic Resources and Enhancement Program, International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru 502 324, Andhra Pradesh, India
Variation in virulence patterns of Scle-
rospora graminicola (Sacc.) Schroet., the
causal agent of downy mildew of pearl
millet (Pennisetum glaucum (L.) R. Br.) is
well-established (1,2,5,10,13,17-19). The
fungus is largely heterothallic (5,7), but
homothallism may also exist (7). These
characteristics of the fungus make it highly
variable like its host, pearl millet, which is
a highly outcrossing crop species. Our
understanding of the mechanisms under-
lying the evolution of pathogenic variation
in S. graminicola is limited by the lack of
genetically well-defined host differentials
and the lack of molecular genetic tech-
niques to understand the pearl millet-S.
graminicola interactions. During the past 2
years, we have generated information on
molecular markers for downy mildew re-
sistance genes (6) and developed a DNA
fingerprinting technique to detect genetic
variations in the pathogen populations (9).
The first evidence of pathogenic varia-
tion in downy mildew of pearl millet was
reported in 1973 when an F1 hybrid culti-
var (HB 3) was found to be resistant at
Mysore, but susceptible at some other lo-
cations in India (3). Nene and Singh (8)
interpreted this variation as being due to
the existence of races in the pathogen.
Shetty and Ahmad (10) reported that two
distinct races from Mysore and Gulbarga
were easily differentiated on HB 3. Results
from the International Pearl Millet Downy
Mildew Nursery (IPMDMN), as deter-
mined by disease reaction on a set of culti-
vars after several years of operation at
diverse locations in India and West Africa,
clearly indicated the existence of distinct
virulences in the pathogen populations
(13,15). The pathogen populations from
West Africa were generally more virulent
than those from India (1,6,13,15). Evolu-
tion of a host-specific pathotype was
clearly demonstrated by Singh and Singh
(14) at Durgapura, Rajasthan, where NHB
3, a highly susceptible hybrid, showed
resistance after not being grown for 4
years, but subsequently became susceptible
again when grown continuously.
Surveys in farmers’ fields and results of
field trials showed increased incidence of
downy mildew on MBH 110, a pearl millet
hybrid cultivar, in Maharashtra over a pe-
riod of a few years, indicating the selection
of host cultivar-specific virulence in the S.
graminicola population (16,17). More
examples of host-specificity toward com-
mercial F1 hybrid cultivars MLBH 104 and
Nath 4209 (Nath Seed Company Ltd., Au-
rangabad, India) were found in our recent
surveys (R. P. Thakur and others, unpub-
lished data).
Evolution of host-specific virulence
from a field population of S. graminicola
was demonstrated by serial passage of
asexual spores for 5 to 10 generations on
two pearl millet lines (19). Molecular ge-
netic analysis has further confirmed the
evolution of host-specific pathotypes of S.
graminicola in six pearl millet lines, using
mini- and microsatellites (9). These results
again indicate the highly variable nature of
the pathogen and its ability to match new
resistance genes in the host cultivar. In the
present study, our objective was to exam-
ine the extent of virulence diversity among
single-zoospore isolates derived from the
original oospore inoculum obtained from a
commercial pearl millet F1 hybrid cultivar,
Nath 4209, which recently became suscep-
tible to downy mildew.
MATERIALS AND METHODS
Plant material. A susceptible pearl
millet genotype, 7042 S, was used for ob-
taining single-zoospore isolates from the
original oosporic sample (Sg 026) col-
lected from the commercial pearl millet
hybrid cultivar, Nath 4209, from a farmer’s
field in Veelad village in Maharashtra
state, India. Surface-sterilized seeds were
planted in 5-cm-diameter pots filled with
sterilized soil, 1 seed per pot. Seedlings
were inoculated at the coleoptile stage
using the syringe inoculation method (12).
Single-zoospore isolates. Fresh sporan-
gia were harvested into cold water (4°C),
from the ninth asexual (sporangial) gen-
eration of isolate Sg 026. A diluted (2 to 3
sporangia/field of microscope) suspension
of these sporangia was prepared. This sus-
pension was kept at 25°C for about 30 min
to allow the release of zoospores from
sporangia. A small amount (0.5 ml) of
zoospore suspension was spread uniformly
over the surface of sterile water agar me-
dium (1%) in petri plates and the excess
suspension was drained off. Single, well-
isolated zoospores were marked on water
agar using a dummy objective under the
microscope (10×). Single zoospores were
picked up with the help of a flat-tipped
needle and transferred onto the emerging
coleoptile of pearl millet seedlings (7042S)
grown in small pots. Pots were then cov-
ered with polyethylene bags and incubated
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overnight at 20°C. The pots were then
transferred to a greenhouse at 25 ± 2°C.
Plants were observed daily for symptoms.
Of 250 inoculated seedlings, only 12 showed
symptoms. From these, only 9 seedlings
survived; these were maintained separately
in polyacrylic isolation chambers in a
greenhouse. The isolates were designated Sg
026-Z-1 through Sg 026-Z-9.
Test for virulence. Pot-grown seedlings
of six host differentials (7042S, NHB 3,
MBH 110, ICMH 451, 843B, and 852B)
were spray-inoculated with a sporangial
suspension (5 × 105 sporangia ml–1) of
each zoospore isolate. The parental isolate
Sg 026 and two International Crops Re-
search Institute for the Semi-Arid Tropics
(ICRISAT) Patancheru field isolates
(Field-1 and Field-2) from a mixture of
7042S and NHB 3 were used as controls.
All 12 isolates were used in experiment 1,
while only 7 of these were used in experi-
ment 2 (adequate inoculum of 5 isolates
was not available). The experiment was
conducted in a randomized block design
with three replications, and at least 100
seedlings were evaluated per replication.
Data were recorded for latent period (time
in days from inoculation to sporulation),
and the number of infected seedlings. For
latent-period data, recording began 3 days
after inoculation and continued until day
11. “Latent period” was expressed as the
number of days when about 50% of the
infected seedlings in a replication showed
sporulation. Disease incidence (% of in-
fected seedlings) was recorded on day 14
after inoculation.
For the purpose of this study, we define
“virulence” as the relative capacity of an
isolate to infect a host line; it is measured
qualitatively as virulent or avirulent. We
define “aggressiveness” as the capacity of
a virulent isolate to produce a particular
amount of disease in a host line; it is
measured quantitatively (% disease inci-
dence). Virulence index, the quantitative
measure of virulence, was calculated as
disease incidence (%) × latent period–1
(17). We consider virulence index different
from pathogenic fitness index, which was
described by Thakur and Shetty (18) as a
function of latent period, percentage inci-
dence, sporangial production per unit leaf
area, and oospore production potential of
the isolate. The isolates were grouped into
different pathotypes based on their viru-
lence indices on the potential host differ-
entials.
Statistical analysis. Means and least
significant differences were estimated, and
analysis of variance was carried out, with
the GENSTAT statistical package (Roth-
amsted Experiment Station, Herpenden,
UK) to determine significant effects of
isolates, host lines, and their interactions
on latent period, downy mildew incidence,
and virulence index. Average Linkage
Cluster analysis was done using the
Euclidean test to determine the similarity
among the isolates and to  classify them
into pathotype groups based on virulence
index.
RESULTS
Variation in virulence. The zoospore
isolates infected five of the six pearl millet
lines in both experiments and therefore
were considered virulent (Table 1). Isolates
Sg 026-Z-2, -Z-3, -Z-5, and -Z-7 failed to
cause disease on MBH 110, nor did isolate
Sg 026-Z-5 cause disease on 843B, and so
these were considered avirulent on these
host lines. The other isolates were virulent
Table 1. Downy mildew incidence (%)a on a set of pearl millet host differentials induced by single-zoospore isolates of Sclerospora graminicola under
greenhouse conditions
Host differential in experiments 1 and 2b
7042S NHB 3 MBH 110 ICMH 451 843B 852B Mean
S. graminicola isolate 1 2c 1 2 1 2 1 2 1 2 1 2 1 2
Sg 026 92 92 95 92 1 1 8 9 13 12 62 65 45 45
Sg 026-Z-1 98 93 94 98 2 2 5 3 49 50 89 87 56 55
Sg 026-Z-2 96 … 92 … 0 … 10 … 4 … 94 … 49 …
Sg 026-Z-3 96 93 92 95 0 0 15 13 4 3 92 85 50 48
Sg 026-Z-4 96 … 89 … 1 … 19 … 55 … 84 … 58 …
Sg 026-Z-5 52 53 48 55 0 0 4 2 0 0 57 54 27 27
Sg 026-Z-6 43 45 39 39 3 2 4 5 26 30 62 66 30 31
Sg 026-Z-7 89 … 82 … 0 … 13 … 35 … 76 … 49 …
Sg 026-Z-8 99 96 99 100 1 1 21 23 87 88 86 86 65 66
Sg 026-Z-9 99 … 100 … 7 … 16 … 63 … 93 … 63 …
Field-1 92 … 100 … 0 … 15 … 3 … 11 … 37 …
Field-2 95 91 98 97 0 0 10 9 5 6 6 7 36 35
Mean 87 80 86 82 1 1 12 9 29 27 68 64
a Mean of three replications, based on total and diseased plants.
b Least significant difference (P < 0.001). Experiment 1: isolate × differential = 21.9, isolate = 8.9, differential = 6.3; experiment 2: isolate × differential =
10.89, isolate = 4.44, differential = 4.12.
c Only 7 of the 12 isolates were evaluated in experiment 2.
Table 3. Analysis of variance for percent downy mildew incidence (DM), latent period in days (LP),
and virulence index (VI) for experiment 2
DM LP VI
Source of variation df MSa df MS df MS
Replication 2 88.39 2 0.07 2 1.59
Isolate (I) 6 3,397.51***b 6 13.18*** 6 158.77***
Host differential (H) 5 27,508.79*** 5 13.72*** 5 768.84***
I × H 30 1,093.80*** 26 3.88*** 30 36.80**
Error 82 15.24 65 0.12 82 0.38
a Mean square.
b **, *** = significant at P < 0.01 and P < 0.001, respectively.
Table 2. Analysis of variance for percent downy mildew incidence (DM), latent period in days (LP),
and virulence index (VI) for experiment 1
DM LP VI
Source of variation df MSa df MS df MS
Replication 2 63.89 2 0.09 2 2.46
Isolate (I) 11 2,874.42***b 11 9.90*** 11 122.11***
Host differential (H) 5 51,904.81*** 5 24.98*** 5 1,590.57***
I × H 55 973.98*** 48 2.76*** 55 32.98**
Error 142 66.97 112 1.12 142 1.88
a Mean square.
b **, *** = significant at P < 0.01 and P < 0.001, respectively.
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on all host lines, but the two control field
isolates were also avirulent on MBH 110.
Variation in aggressiveness. Numbers
of plants in each host line infected by dif-
ferent isolates varied considerably. This
ranged from 1% incidence for isolates Sg
026-Z-4 and -Z-8 on MBH 110, to 100%
for Sg 026-Z-9 on NHB 3 (Table 1). The
field isolates and Sg 026 were also highly
aggressive on NHB 3, inducing 92 to 100%
disease in both experiments. All 12 isolates
were generally highly aggressive on 7042S
and NHB 3; Sg 026 and their zoospore
derivatives were also relatively highly
aggressive on 852B, while low to moderate
aggressiveness was observed for all iso-
lates on MBH 110 and ICMH 451, and low
to very high on 843B. The analysis of vari-
ance indicated highly significant (P <
0.001) effects of isolates, host lines, and
their interaction on incidence in both ex-
periment 1 (Table 2) and experiment 2
(Table 3).
Variation in latent period. The mean
latent period varied from 5 days for isolate
Sg 026-Z-9 and Field-1 on NHB 3 to 11
days for Sg 026-Z-8 on MBH 110, and 8.8
days for Sg 026-Z-6 on 843B (Table 4).
Even on the known susceptible host lines,
such as 7042S and NHB 3, the latent peri-
ods were highly variable with different
isolates as well as for the field isolate.
Across isolates, the latent period was
greatest on MBH 110 (8.1 and 8.3 days),
and least on NHB 3 (5.9 and 6.3 days),
while across the host lines it was greatest
for isolate Sg 026-Z-5 (8.5 and 8.4 days)
and least for isolate Field-1 (5.9 days). The
mean squares for isolate, host lines, and
their interaction were highly significant (P
< 0.001) for latent period (Tables 2 and 3).
Variation in virulence index. Virulence
index was quite variable, and ranged from
0 to 20 in the two experiments (Table 5).
Virulence index was generally greater for
most isolates on 7042S and NHB 3, mod-
erate on 852B, and lower on MBH 110,
ICMH 451, and 843B. Across host lines,
isolate Sg 026-Z-8 had the greatest viru-
lence index (12.34 and 12.20) and Sg 026-
Z-5 the lowest (3.28 and 3.30), while
across isolates it was highest on NHB 3
(15.36 and 14.22) and lowest on MBH 110
(0.16 and 0.11). Even with the highly sus-
ceptible host lines (7042S and NHB 3), the
virulence index varied from 5.2 to 20.0.
Virulence index was highly influenced by
isolates, host lines, and their interaction
(Table 2).
Pathotype grouping. The 12 isolates in
experiment 1 were classified into four
major pathotype groups based on virulence
index (Fig. 1A). The two field isolates and
Sg 026 formed the first group; five single-
zoospore isolates, Sg 026-Z-1 to -Z-4 and
-Z-7, formed the second group; Sg 026-Z-5
and -Z-6 formed the third group; and Sg
026-Z-8 and -Z-9 formed the fourth group.
In experiment 2, 7 of these isolates fol-
Table 4. Mean latent period (days)a on six pearl millet lines induced by zoospore isolates of Sclerospora graminicola under greenhouse conditions
Host differential in experiments 1 and 2b
7042S NHB 3 MBH 110 ICMH 451 843B 852B Mean
S. graminicola isolate 1 2c 1 2 1 2 1 2 1 2 1 2 1 2
Sg 026 6.3 6.3 5.5 5.5 6.0 6.0 7.7 7.5 7.0 7.2 7.3 7.3 6.6 6.6
Sg 026-Z-1 6.3 6.3 5.2 5.5 7.0 7.5 10.5 10.5 7.2 7.5 7.2 7.3 7.2 7.4
Sg 026-Z-2 5.7 …d 5.8 … … … 6.7 … 8.0 … 6.8 … 6.6 …
Sg 026-Z-3 6.2 6.0 6.0 6.0 … … 7.7 7.7 6.0 6.3 6.3 6.5 6.4 6.5
Sg 026-Z-4 6.2 … 6.2 … 8.0 … 7.2 … 7.3 … 6.8 … 7.0 …
Sg 026-Z-5 8.0 8.0 8.8 8.8 … … 9.0 9.0 … … 8.3 8.0 8.5 8.4
Sg 026-Z-6 7.8 7.7 7.3 7.5 8.5 8.5 6.7 6.7 8.8 8.5 7.2 7.5 7.7 7.7
Sg 026-Z-7 5.8 … 5.8 … … … 7.7 … 6.0 … 6.8 … 6.4 …
Sg 026-Z-8 5.2 5.3 5.0 5.0 11.0 11.0 6.3 6.3 5.5 5.5 5.5 5.5 6.4 6.4
Sg 026-Z-9 5.0 … 5.0 … 8.0 … 7.3 … 7.2 … 5.7 … 6.4 …
Field-1 5.3 … 5.0 … … … 7.2 … 5.0 … 7.0 … 5.9 …
Field-2 5.7 5.5 5.3 5.5 … … 7.3 7.5 5.8 5.8 6.7 6.5 6.2 6.2
Mean 6.1 6.4 5.9 6.3 8.1 8.3 7.6 7.9 6.9 6.8 6.8 6.9
a Mean of three replications.
b Least significant difference (P < 0.001). Experiment 1: isolate × differential = 2.93, isolate = 1.20, differential = 0.84; experiment 2: isolate × differential
= 0.96, isolate = 0.39, differential = 0.36.
c Only 7 of the 12 isolates were evaluated in experiment 2.
d No symptoms observed.
Table 5. Virulence indexa (downy mildew incidence (%) × latent period–1) caused by zoospore isolates of Sclerospora graminicola on six pearl millet lines
under greenhouse conditions
Host differential in experiments 1 and 2b
7042S NHB 3 MBH 110 ICMH 451 843B 852B Mean
S. graminicola isolate 1 2c 1 2 1 2 1 2 1 2 1 2 1 2
Sg 026 14.6 14.5 17.3 16.8 0.1 0.2 1.1 1.2 1.7 1.7 8.4 8.8 6.43 7.21
Sg 026-Z-1 15.6 14.7 18.3 17.8 0.3 0.3 0.6 0.3 6.8 6.6 12.5 11.9 9.03 8.59
Sg 026-Z-2 16.9 … 15.8 … 0.0 … 1.6 … 0.5 … 13.8 … 8.11 …
Sg 026-Z-3 15.5 15.4 15.3 15.9 0.0 0.0 1.9 1.7 0.7 0.5 14.7 13.1 8.00 7.76
Sg 026-Z-4 15.5 … 14.5 … 0.1 … 2.7 … 7.5 … 12.3 … 8.80 …
Sg 026-Z-5 6.6 6.6 5.3 6.2 0.0 0.0 0.7 0.3 0.0 0.0 7.1 6.7 3.28 3.30
Sg 026-Z-6 5.5 5.8 5.3 5.2 0.3 0.2 0.6 0.8 3.0 3.6 8.7 8.8 3.90 4.08
Sg 026-Z-7 15.2 … 14.1 … 0.0 … 1.7 … 6.2 … 11.2 … 8.10 …
Sg 026-Z-8 19.1 17.8 19.8 20.0 0.1 0.1 3.5 3.6 15.9 16.0 15.7 15.6 12.34 12.20
Sg 026-Z-9 19.7 … 20.0 … 0.9 … 2.1 … 8.9 … 16.4 … 11.34 …
Field-1 17.3 … 20.0 … 0.0 … 2.0 … 0.7 … 1.5 … 6.92 …
Field-2 16.8 16.6 18.4 17.6 0.0 0.0 1.4 1.2 0.9 1.0 0.9 1.2 6.40 6.29
Mean 14.88 13.09 15.36 14.22 0.16 0.11 1.67 1.29 4.40 4.21 10.26 9.44
a Mean of three replications.
b Least significant difference (P < 0.001). Experiment 1: isolate × differential = 3.69, isolate = 1.52, differential = 1.07; experiment 2: isolate × differential
= 1.71, isolate = 0.70, differential = 0.65.
c Only 7 of the 12 isolates were evaluated in experiment 2.
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lowed the same pattern, except Sg 026 and
Field-2, which were separated into two
groups (Fig. 1B).
DISCUSSION
The results indicate significant variation
for virulence, aggressiveness, latent period,
and virulence index among single-zoospore
isolates of S. graminicola. Our results sup-
port the earlier findings on pathogenic
variation among oospore isolates (17) and
sporangial isolates (18), and provides fur-
ther information at the zoospore level. In
the earlier study (19), the influence of host-
directed virulence selection in a pathogen
population was demonstrated using a bulk
field isolate of the pathogen and passing it
through several asexual generations
(sporangia-zoospores) on the same host
lines. In this study, we have demonstrated
how single-zoospore derivatives from a
bulk isolate obtained from a single host
line (commercial hybrid cultivar in this
case) could be variable for virulence. The
extent of variation is significant and has
epidemiological significance for the pearl
millet downy mildew pathosystem. The 12
isolates in experiment 1 and 7 in experi-
ment 2, based on virulence index, were
classified into four pathogenicity groups,
indicating significant variability in the
parental isolate Sg 026.
The parental isolate was collected from
the commercial pearl millet cultivar, Nath
4209, a private sector hybrid, being widely
grown in several districts of Maharash-
tra—one of the largest pearl millet-grow-
ing states in India, where hybrid cultivars
are grown on more than 60% of its pearl
millet area. During the 1993 rainy season
survey, a downy mildew incidence of 27 to
53% was observed in farmers’ fields (4).
Virulence analysis of the S. graminicola
population from Nath 4209 indicates ad-
aptation to several other pearl millet culti-
vars and lines, indicating the existence of
several matching virulence genes to other
downy mildew resistance genes. Several
years ago, another popular private sector F1
hybrid, MBH 110, succumbed to downy
mildew, which resulted in withdrawal of
this hybrid from cultivation. In 1993, yet
another private sector hybrid, MLBH 104,
became very susceptible to downy mildew
(4). Preliminary virulence analysis of iso-
lates from these hybrids indicated the oc-
currence of new pathotypes specific to
these cultivars (16). The present virulence
analysis of single-zoospore isolates from
Nath 4209 has provided further evidence of
intrapopulation pathogenic variability. In
addition to host-specificity in pathogen,
certain single-zoospore isolates of the
population (Sg 026) have been highly ag-
gressive on other pearl millet cultivars,
such as 7042S, NHB 3, 843B, and 852B.
The fact that none of these isolates showed
high virulence on MBH 110 indicates that
the virulence in this population is quite
different from the population that infects
MBH 110. Also, 852B is resistant to the
ICRISAT Patancheru field populations of
the pathogen, but highly susceptible to
these single-zoospore isolates. ICRISAT-
bred hybrid ICMH 451 exhibited moderate
resistance to all the isolates, including the
field isolates, but indications from field
surveys are that the hybrid has begun
showing susceptibility in Gujarat state,
where it is being grown in a large area (R.
P. Thakur, unpublished data).
Evolution of host-specific pathotypes in
S. graminicola has been well demonstrated
by virulence analysis using potential host
differentials (1,2), an international downy
mildew nursery (11,13), an international
downy mildew virulence nursery (15), and
virulence selection studies (17,19). These
results have been further confirmed by
molecular studies using quantitative trait
loci analysis (6), and restriction fragment
length polymorphism and random ampli-
fied polymorphic DNA analyses (9). Be-
cause of the highly variable nature of the
pathogen and rapid adaptation to new host
cultivars, particularly to genetically uni-
form single-cross F1 hybrids, several such
hybrids (NHB 3, BJ 104, MBH 110,
MLBH 104, and Nath 4209) have suc-
cumbed to the disease during the past few
years in India, and the process continues.
In contrast to F1 hybrids, the genetically
heterogeneous, open-pollinated cultivars
WC-C75 and ICTP 8203 have shown du-
rable resistance during their commercial
cultivation on a large scale for a number of
years (4). F1 hybrid cultivars, despite being
short-lived for downy mildew resistance,
are preferred by farmers because of their
uniformity, early maturity, and relatively
higher yield than open-pollinated cultivars.
A well-planned strategy to monitor viru-
lence changes in the pathogen and resis-
tance in host cultivars, and identification
and incorporation of novel resistance genes
using marker-assisted selection breeding
and their proper deployment, will help
reduce the chances of epidemics and losses
from downy mildew in pearl millet.
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